of attractant, and shows essentially no accumulation in capillary assays. Thus, CheV and CheW appear in part to be functionally redundant. A strain lacking CheW and expressing only the CheW domain of CheV is chemotactic, suggesting that the truncated CheV protein retains in vivo function. We speculate that CheV and CheW function together to couple CheA activation to methyl-accepting chemotaxis protein receptor status and that possible CheA-dependent phosphorylation of CheV contributes to adaptation.
Bacterial chemotaxis is one of the best understood biological signaling mechanisms (5, 8, 9, 22, 23) . Chemotaxis involves both a phosphorylation-dependent excitation and a methylation-dependent adaptation. Cell surface methyl-accepting chemotaxis proteins (MCPs) act as receptors which regulate the autophosphorylating CheA kinase (13, 20) . In Escherichia coli, CheW physically bridges CheA to the MCPs to allow regulated phosphotransfer to CheY and CheB (6, 7, 13, 19) . PhosphoCheY regulates direction of flagellar rotation (10, 26) , while phospho-CheB functions in adaptation by demethylating MCPs (16) . Chemotaxis in Bacillus subtilis requires many of these same proteins; homologs of CheA (12) , CheB (17), CheW (15) , CheY (3, 4) , and CheR (18) proteins have all been identified.
The accompanying paper describes a new B. subtilis chemotaxis gene, cheV, encoding a protein homologous to both CheW and CheY (11) . In this report, we describe the chemotactic behavior of strains mutant for cheV, cheW, or cheY (Table 1 ). Our assayed chemotaxis directly, using capillary and tethered cell assays.
Capillary assays. We measured the accumulation of bacteria in capillaries containing various concentrations of the nonmetabolizable attractant, azetidine-2-carboxylate ( Table 2) . A logarithmically growing minimal medium culture was supplemented with 0.005% glucose and 5 mM sodium lactate, diluted to an optical density at 600 nm of 0.001, and allowed to migrate into an attractant-filled capillary (21) . In this assay, the absence of either CheW homolog led to a modest reduction in chemotaxis, particularly at low attractant concentrations, while the cheWcheV double mutant failed to accumulate in capillaries at all attractant concentrations (<5% of the wild-type level). Strain HB4021 (Table 1) , which lacks CheW and expresses a truncated CheV protein, was only as defective as the cheW or cheV single mutant. These experiments demonstrate that CheV and CheW are partially redundant, and the aminoterminal domain of CheV is sufficient to provide CheW function.
Tethered cell assays. Videomicroscopy of tethered cells (1, 2) allows one to observe both the excitation and adaptation phases of chemotaxis (Fig. 1) (14, 25) . Methylation was near normal in the cheV and cheW single mutants but was extremely low in the cheV cheW double mutant and only somewhat better in the cheW mutant expressing a truncated CheV product (Fig. 2) . Similar results were obtained when methanol release was assayed (24) from aspartate-stimulated cells (Fig. 3) . Either CheV or CheW is sufficient for methanol release, but the double cheV cheW , wild-type strain OI1085; 0, cheW null mutant 012737; ----, cheV null mutant HB4004; *, cheWcheV double null mutant HB4007; *, cheW null mutant with truncated CheV, strain HB4021. (Table 2) , but display relatively normal responses in tethered cell assays ( Fig. 1 ) and in MCP methylation and methanol release assays ( Fig. 2 and 3) . In contrast, a mutant lacking both CheW and CheV is nonchemotactic (Table 1) , does not respond to an attractant ( Fig. 1) , and has greatly reduced methyl turnover on the MCPs (Fig. 2  and 3 ). Thus, either CheV or CheW is sufficient for modulating CheA activity in response to attractants, but overall chemotactic proficiency is somewhat reduced. We suggest that CheV and CheW may normally function together, perhaps as part of the same receptor-bound multiprotein complex. The cheW mutant can be partially rescued by expression of a truncated CheV protein containing the CheW domain as judged by swarm plate, capillary, and tethered cell assays. provide CheW function. Nevertheless, this strain is defective in MCP methylation and methanol release assays, which suggests that CheB activity is significantly reduced. Since B. subtilis has an effective methylation-independent adaptation system, low CheB activity does not imply poor chemotaxis (17) . Reduced CheB activity could be explained if the MCP complex with truncated CheV and CheA preferentially phosphorylates CheY rather than CheB. Alternatively, the altered MCP complex may be a poorer substrate for interaction with the CheB or CheR enzymes.
Our results suggest that the functional redundancy of CheW and CheV is incomplete. CheV is controlled by the aD holoenzyme (11) , and CheW is controlled by the er holoenzyme (28) . Therefore, CheV is subject to genetic controls different from those for CheW. In addition, phosphorylation on the conserved aspartate in the CheY domain of CheV may play a role in adaptation. Additional experiments will be required to further explore the role of this unique chemotaxis component. 
